Polypeptide synthesis has been studied in cell-free systems prepared from vaccinia virus-infected and uninfected HeLa cells. Cytoplasmic extracts containing endogenous messenger ribonucleic acid were used. Amino acid incorporation into hot trichloroacetic acid-precipitable material was linear for 15 to 20 min at 37 C. The initial rate of protein synthesis was approximately 15% of the rate in intact cells. Optimal conditions for polypeptide synthesis were similar in cell-free systems prepared from infected or uninfected cells. Requirements for an energy source and Mg++ were demonstrated. The optimal Mg++ concentration was 4 to 5 mm. Ribonuclease, puromycin, and cycloheximide were inhibitory. The molecular weights of the polypeptides labeled in the cell-free systems, as determined by gel filtration in 5 M guanidine hydrochloride, ranged from 16,000 to above 68,000. Polyacrylamide gel electrophoresis indicated that the polypeptides labeled in cell-free extracts of uninfected and infected cells were different. The latter closely corresponded in electrophoretic mobility with the viral polypeptides made in intact, infected cells.
Evidence for the synthesis of viral proteins in cell-free systems derived from animal cells has depended on immunological methods. Attardi and Smith (2) and Summers and Levintow (22) , using cell-free systems prepared from poliovirusinfected HeLa cells, found that radioactive amino acids are incorporated into material precipitable with antiserum.
Cell-free systems have been used for studying the regulation of phage protein synthesis. In those studies, viral proteins were identified by immunological analysis, polyacrylamide gel electrophoresis, and peptide mapping (10) . We were interested in developing an in vitro system for the synthesis of vaccinia viral proteins in order to further study translational regulation in poxvirus-infected cells (15, 16) . Amino acid incorporation was compared in cytoplasmic extracts prepared from uninfected and vaccinia virus-infected HeLa cells. The labeled polypeptides were examined by gel filtration and gel electrophoresis.
MATERIALS AND METHODS
Cell culture. HeLa S3 cells were grown in suspension with Eagle modified medium (7) supplemented with 5% horse serum.
Virus. Stock suspensions of vaccinia virus, strain WR, were prepared as previously described (20) .
The virus titer was determined by plaque assay on HeLa cell monolayers without the use of an agar overlay (17) . Infection procedure. Virus suspensions containing approximately 2 X 109 plaque-forming units (PFU) per ml were subjected to sonic vibrations at 20 kc for a total of 75 sec and were clarified by centrifugation at 1,000 X g for 5 min. HeLa cells, at a concentration of 4 X 106 cells per ml, were infected with 40 PFU per cell. After 1 hr of adsorbtion at 37 C, the cells were diluted to a concentration of 4 X 105 per ml.
Cell extract. Infected or uninfected cells were washed twice at 2 C in phosphate-buffered saline (6) , and the cell pellet was resuspended in an equal volume of 0.18 M tris(hydroxymethyl)aminomethane (Tris), pH 7.8, containing 4.5 mm dithiothreitol. The cells were broken with a Dounce homogenizer, and any unbroken cells, nuclei, and large particulate material were removed by two centrifugations at 1,000 X g for 5 min. The supernatant fluid, referred to as the cytoplasmic extract, was used for the cell-free incubations. The extract contained from 14 to 18 mg of protein per ml, as determined by the method of Lowry et al. (13) .
Reaction mixture. Each 0.5-ml incubation mixture consisted of 0.37 ml of cytoplasmic extract, containing 90 mM Tris (pH 7.8) and 2.25 mM dithiothreitol, and in addition 4 mm MgCla, 8 With the longer time, the separation of the major polypeptides was improved; however, rapidly migrating components were lost. After electrophoresis, the gels were placed in 10% trichloroacetic acid to precipitate the proteins. Aminoacyl transfer ribonucleic acid (RNA) was hydrolyzed by heating the gels in 5% trichloroacetic acid at 80 C for 15 min. The gels were washed with multiple changes of 5% trichloroaectic acid for 3 days to remove unincorporated amino acids. The washed gels were sliced into 1.3 mm sections (4), and dissolved in hydrogen peroxide and then in scintillation fluid as previously described (16) . Counting efficiencies were determined by using internal standards. Alternatively, the washed gels were stained with 0.25% Coomassie Blue in 10% trichloroacetic acid (5) for 5 hr, washed with 7.5% acetic acid for 24 hr, sliced longitudinally, and dried for radioautography (8) . The density of the X-ray film was measured by a double beam recording microdensitometer (Joyce-Loebl, England).
RESULTS
Properties of the cell-free amino-acid incorporating system. Amino-acid incorporation was measured in the diluted cytoplasm obtained from mechanically homogenized HeLa cells. Initial experiments were done with uninfected cells to establish that the system had characteristics expected for a cell-free system. Incorporation into hot trichloroacetic-acid insoluble material was linear for 15 to 20 min and then it plateaued. Further dilution of the cytoplasmic extract resulted in a lower initial rate of amino acid incorporation; however, linear kinetics was maintained for a longer period of time. Activity was dependent upon the addition of ATP and was further enhanced by an ATP-generating system (Fig. 1 ). In the absence of added energy source, the activity was less than 5 % of the complete system. Phosphoenolpyruvatepyruvate kinase and creatine phosphate-creatine kinase functioned equally well in the system. Substantially better incorporation with creatine kinase had been reported for the rabbit reticulocyte lysate system (1) .
The ability to incorporate amino acids was lost upon addition of ribonuclease at a concentration (Fig. 2) .
The effects of inhibitors of protein synthesis were measured. Puromycin at a concentration of 100 ,ug per ml reduced total amino acid incorporation by approximately 95% (Fig. 2) . In contrast, cycloheximide at 400 ,g per ml reduced the initial rate of amino acid incorporation by more than 70%, but incorporation did not plateau at 15 to 20 min (Fig. 2) . A similar change in kinetics was reported for a cell-free system prepared from rat liver (24) .
After (1, 25) , possibly because of its inhibitory effect on reticulocyte ribonuclease (3, 9) . Hemin at a concentration of 3 x 10-4 M had no effect on amino acid incorporation in the cell-free system derived from HeLa cells, and higher concentrations were inhibitory.
The half life of polyribosomes containing late vaccinia viral messenger RNA is much shorter than the half-life of polyribosomes in uninfected HeLa cells (18, 21) . Despite this difference, similar kinetics of cell-free amino acid incorporation were found in systems derived from infected or uninfected cells (Fig. 4) . The initial rates of amino acid incorporation were lower at 27 C than at 37 C; however, the final levels of incorporation were similar.
Gel filtration. The molecular weights of the polypeptides labeled in the cell-free systems were 30 Portions of each fraction were counted directly, and other portions were first washed and boiled in trichloroacetic acid. The acid precipitable material synthesized in both systems was judged, by comparison with known polypeptide markers, to be of high molecular weight extending above 68,000 (Fig. 5) . The high molecular weight material that was soluble in hot trichloroacetic acid is presumably amino-acylated transfer RNA. Similar amounts of this acid-soluble material formed in both systems.
Polyacrylamide gel electrophoresis. The combination of SDS and mercaptoethanol has been used to completely solubilize radioactive proteins in cytoplasmic extracts for polyacrylamide gel electrophoresis (23) . This procedure was used to observe changes in the species of proteins synthesized in HeLa cells (16) and L cells (11) during the course of vaccinia virus replication. These experiments confirmed previous findings that cell protein synthesis is inhibited during the first 2 hr of vaccinia virus replication. Double-labeling techniques were used to compare the polypeptides made in cell-free extracts with the viral polypeptides made in intact cells 6 hr after infection. To obtain a sufficiently high specific activity, mixtures of 3H-amino acids or "4C-amino acids were used. The polyacrylamide gel patterns are identical when intact infected cells are incubated with either the 14C or the 3H mixture of amino acids, despite some differences in the specific activities and the proportions of the individual amino acids (Fig. 6a) . Although the pattern is complex. the proteins synthesized in the cell-free extracts of infected cells appeared very similar to the proteins made in intact infected cells (Fig. 6b) . In contrast, the proteins made in the cell-free system from uninfected cells appeared different (Fig. 6c) .
To compare the polypeptides synthesized in the cell-free system with structural viral proteins, Incorporation of 14C-amino acids (25 ,ucdml) was carried out for 25 min in cell-free systems prepared from uninfected cells and from vaccinia-infected cells. The reaction mixture was then dissociated in guanidine hydrochloride and reduced with dithiothreitol. Samples were applied separately to a Sephadex G-200 column equilibrated with buffer containing the reducing and dissociating agents. Fractions (0.5 ml) were collected, and 0.2-ml portions were spotted on duplicate filterpaper strips. One set of strips was counted directly in scintillation vials (0), and the other was first washed and boiled in trichloroacetic acid (0). proteins from purified virus particles is apparent (Fig. 7) . In agreement with previous findings, not all of the polypeptides resolved from the cytoplasmic extracts of infected cells are found in the purified virus particle (11, 16 6 . After SDS-polyacrylamide gel electrophoresis for 18 hr, the gels were sliced and counted.
slicing the gels and counting the individual slices in scintillation vials, is useful for quantitation and double labeling, the resolution is limited by the thickness of the slice. Much greater resolution and, therefore, better identification of polypeptides was obtained by radioautography (Fig. 8) .
The similarity between the proteins made in the cell-free system and in the intact cells is evident. for only 10 to 20 min, the efficiency of the system during that time was calculated to be 15% of the rate in intact cells. The rate of protein synthesis was calculated by using values for the intracellular pool of phenylalanine and the percentage of phenylalanine in HeLa cell proteins reported by Piez and Eagle (19) . This efficiency is similar to that reported for the reticulocyte lysate system of Lamfrom and Knopf (12), but not as high as the hemin-stimulated reticulocyte systems (1, 25) .
Both nascent polypeptides and polypeptides released from ribosomes were solubilized with sodium dodecyl sulfate and mercaptoethanol.
These polypeptides were then separated by polyacrylamide gel electrophoresis. The polypeptides labeled in the cell-free extracts of infected cells were different from those made in the system derived from uninfected cells. The former corresponded closely in electrophoretic mobility to the viral polypeptides made in intact infected cells. Some of the polypeptides labeled in the cell-free system appeared similar to structural proteins of the virus.
Experiments involving the immunological identification of completed polypeptide chains synthesized in the cell-free system, and determination of the extent of polypeptide chain initiation, are in progress.
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